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ABSm ACT 

Damage which occurred t o  the  hollow-jet valve ou t le t  works s t i l l i n g  basin 
at the Navajo Dam was duplicated i n  a 1:12 scale model. Severe abrasion .., .'' 
damage i n  the upstream portion of the prototype basin probably occurred 
during several months' operation a t  approximately 30$ valve opening under 
245 f t  of head. Abrasion i n  the  downstream end probably occurred during 
operation with 1 0 6  valve opening and about 280 ft of head. Model t e s t s  
indicated the original  hollow-jet valve basin, with converging wedges and 
a center dividing wall, could not be improved in  efficiency of energy d i s  

areas of intense turbulence, with accompanying circulation.of abrasive ma- 
t e r i a l s .  Also, the  center wall was subjected t o  fluctuating pressures 
which could r e su l t  i n  s t ruc tura l  damage due t o  vibration. The basin was 
modified by eliminating the center wall and wedges, reducing the allowable 
maximum discharge, and paving par t  of the  downstrean:'channel. p e  paving 
is necessary t o  prevent streambed material from entering the modified 
s t i l l i n g  basin. Tests on %he or iginal  configuration under various opera- 

stilling basins. 
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CONCLUSIONS 

1. The model confirmed that damage to the prototype stilling basin 
was caused by circulation of abrasive material which movedinto the 
'basin from the downstream channel. The severe damage in the up- 
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below approximately 6000 without causing additional damage to  
the stilling basin. Periodic inspections by divers during opera- 
tion under these conditions supported this finding. 

4. Several modifications to the original design were tested to 
develop a stilling basin which would allow sustained operation of 
the outlet works without additional damage to  the basin. The con- 
verging wedges were removed to  eliminate confined areas of intense 
turbulence. A 2- 1 / 2: 1 chute was installed at  the upstream end of 
the basm to induce lateral spreading of the jets in order t o  maintain 
a high bottom velocity and sweep material from the basin floor. 
The center wall was removed with the stipulation that the outlet 
works should not be operated witn only one valve open. A 12-inch 
layer of concrete was added to the inner surfaces of the outside 
walls and basin floor to repair the damaged areas  and provide 
additional strength. 

eam channel was 
paved for a distance of about 140 feet and a rock t rap was provided 
between the paved a rea  and the stilling basin. 

6. The maximum outlet works discharge was reduced to 3,200 cfs. 
action to  extend 
aves in the down- 
bination with opera- 

ks and the 30-inch bypass valve, w i l l  

is necessary for satisfactory 
of the absence of a center 

r e s  operation of one valve 
eam flow in the nonoperating 
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The Navajo outlet works stilling basin problem was an individual 
e and'the modifications developed herein apply only to that problem. 

a relatively short basin whose 
r depends on the turbulent eddies 
aches these eddies, severe' 
. These studies confirmed 
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the Spillways and Outlet ~ b r k s  Sectior,tf;the ~ a m s    ranch,- Division of 
Design. The Technical Engineering Analysis-Branch performed vibra-  
tion computations. Personnel  of the Durango ~ $ o j e c t s  Office in  Durango, 
Colorado, and at Navajo Dam supplied pertinent data and photographs to  
a s s i s t  important model-prototype comparisons.  Mr.  Donald J. Hebert 
from the Region 2 Office i n  Sacramento, California, ass is ted in  defining 
the problem and formulating a testing program while on special  ass ign-  
ment t o  the Denver Office. Model photography was by W. M. Batts,  
Office Services Branch. 

INTRODUCTION 

Navajo Dam is located on the San Juan River  about 39 mi les  eas t  of 
Farmington in northwestern New Mexico, Figure  1. The dam, which is 
a feature of the Colorado River  Storage Project ,  is an  earthfi l l  s t ruc-  
tu re  approximately 3. 650 feet long at the c r e s t  and 388 feet high above 
the riverbed. The hydraulic features  consist  of an  uncontrolled over -  
flow spillway in  the right abutment of the dam, an  auxiliary outlet works 
which pas ses  under the spillway and discharges  into the spillway stilling 
basin, an outlet works controlled by two 72-inch hollow-jet valves, and 
a bypass f rom the outlet works conduit which is controlled by a 30-inch 

-. hollow-jet valve and discharges  through the spillway basin left  wall into 
the spillway basin, Figures  2, 3, and 4. 

Although th;! outlet works stilling basin, Figure  5, was designed accord-  
ing t o  the g<\idelines forhollow-j6t  valve basins presented in Engineering 
Monographfio. 25, 1 / the stilling basin departed from the standard de-  
sign because i t  a l s o s e r v e d  a s  a stilling basin f o r  diversion flows during 

i construction of the dam. The recommended basin was 8 feet longer, 
0.29 feet wider, and 3 feet deeper  than required according to Engineer-  
j.ng Monograph No. 25. The 6:l sloping concrete apron downstream from 
thedentated end sill w a s  included to  provide a transit ion from the hori-  
zontal floor of the stilling basin to  the riprapped river,channel.  Details 
of the design were developed through; the use o f  a 1:24 sca le  hydraulic 
moue1 in  1957 and 1958.21 Specific, a t tent ionin the ea r l i e r  t e s t s  was . . . .. . . 
given to~_tI?e excessive basin. dep thsnd  length but the model indicated that 
operation would be satisfactory a t  the outlet works design discharge of 
4 ,  580 cfs  through both valves at the maximum re se rvo i r  elevation 6101.6. 
Model t e s t s  of other hollow-jet valve stilling basins had demonstrated the 

and Energy Dissipators,  " by A. J. 
25, Revised Edition 1964. 
Dam Diversion and Outlet Works 

Report No. Hyd-457, August 15, 1960. 
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I short time was deGoted to study of the outlet works basin.- At that 
time. there was no evidence that larne amounts of abrasive mate- 

The operational history of the prototype outlet works i s  shown in 
Figure 6. The outlet works was operated for the first t ime in 
July 1963. Operation was almost entirely with one valve about 10 to  
20 percent open until January 1964. The reservoir  varied between 
elevations 5930 and 5940 during this time. (The centerline eleva- 
tion on the upstream side of the valves is about 5720.) With this 
small gate opening the jet probably did not penetrate the pool and no 
abrasion damage occurred, although sand and gravel might have 
moved into the7basin from the downstream channel during this period. 

The outlet works was shut down in January 1964 and remained closed 
until May 1, 1964, when one valve was opened to 17 percent. This 
operation continued to May 22, and the reservoir  rose from eleva- 
tion 5939 to elevation 5952 (219 to 232 feet of total head). Probably 
no jet penetration of the pool occurred for this operation. 

Between May 23 and June 10, both valves were operated at  equal open- 
ings up to  25 percent. The reservoir  rose from elevation 5952 to  ele- 
vation 5965 (245 feet of head). Some jet aenetr&"cn,probably occurred. 
Operation then began with gate openings betwr,'& 30 and 40 percent and 
continued until August 3, 1964. The reservoir dropped from eleva- 
tion 5965 to elevation 5947 (227 feet of head) in  this period. The model 
studies subsequently showed that this operation resulted in very strong 
turbulence in the upstream portion of the basin and violent vortices 
along the dow?'stream faces of the converging wedges. Gravel placed 
in the model basin circulated violently in the upstream portion of the 
basin. 

The outlet works continued to operate at  gate openings between 8 and 
35 percent until August 16. On August 21-24, engineers R. B. Dexter 
and C. E. Brockway, from the Hydraulics Branch, conductedff,ests to 
calibrate the hollow-jet valves. During these tests golf-ball-size gravel 
was observed circulating in the turbulence and was at t imes thrown above 
the water surface. Also, some abrasion damage was noted on the walls 
near the waterline. The appearance of small gravel near the surface 
indicated the possible presence of larger material on the floor of the 
basin. 

The valve openings were limited to less  than 10 percent into December 
of 196+and the reservoir dropped from elevation 5953 to elevation 5944 
(233 to 224 feet). The valve'openings were increased through the latter 



11  The damage was even more extensive than reported by the 
divers with erosion exposing reinforcement over half the 
height of the center wall. Erosion had extended through the 
top layer of reinforcement at  the 30" slopes just downstream 
of the hollow-jet valves and loose cobbles were trapped behind 
the reinforcement at the upper end of these slopes. These 
cobbles were deposited by the turbulent flows in the basin and 
indicate that gravel and cobbles in the basin caused the exten- 
sive erosion damage. 

part of December and the early part of January to a maximum of about 
35 percent on January 14, 1965. Symmetrical operationat 35 percent 
valve openings continued to February 1, 1965, when the outlet works 
was shut down. The reservoir dropped from elevation5940 (220 feet) 
to elevation 5915 (195 feet) during operation at  35 percent valve open- 
ings. The outlet works was operated for a few hours at 21 percent 
valve opening on April 16 and for l e s s  than an hour on ApriX 22 and 23. 
On April 25 the basin was inspected by divers and soundings for the 
first time. 

Severe erosion up to 5 feet deep was disclosed in the floor and through 
two.layers of reinforcement steel in the walls. Reinforcing bars  were 
exposed, broken, and bent. A cofferdam was built downstream from 
the basin, the basin was unwatered, and a complete inspection was made 
on May 3, 1965. The damage shown in Figure 7 was described in the 

- 

"~!;e most severe damage occurred in the left side of the , 

basin at the upstream end of the floor and center wall. Two 
layers of No. 11 bars at 6-inch spacing in the wall were 
broken and bent downstream along with No. 9 and No. 8 
bars  at 6-in2h spacing in the top of the floor slab. The hor- 
izontal floor bars  at the base of the wall had loosened suffi- 
ciently to allow flow of water from one side of the wa l l  to the 
other. On the right side of the center wall the No. 11 bars 
were exposed and loosened but not removed. It appeared 
that many of the  bars  could be salvaged by bending back into 
position. Some new bars need to be spliced and welded to 
the existing bars. About 70 cubic yards of new concrete 
will be needed to  replace the eroded concrete in the floor 
and walls upstream from the downstream end of the center 
wall. A few bars were exposed in the dentated sill and 
should he repaired. 

I I The a rea  just downstream of the basin was riprapped with 
rounded boulders, cobbles, and gravel rather than angular 
rock. A comparison of the construction photographs with - .  

d basin indicated considerabie movement in the 
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that smal l  rock and gravel had been removed from the 
l a rge r  boulders. These two sources account for the ma- 

~ e m ~ o r a r ~  r epa i r s  were made to the stilling basin in Mayof 1965. 
The original basin outline was restored by bonding new concrete to  the 
damaged a r e a s  with epoxy. Intermittent outlet works operation was 
resumed on May 24 and continued until June 3 a t  valve openings be- 
tween 16 and  75  percent; the r e se rvo i r  varied f rom elevation 5975 
(255 feet) to elevation 5980 (260 feet) during this period. On June 3, 

{the valve openings were increased to  100 percent and the outlet works 
operated intermittently, usually 100 percent open, through. July 10, 
1965 '(see Figure 6); The longest period of sustained operation a t  
190 percent valve opening was 5 days. The reservoi r  rose  to eleva- 
tion 6002 (282 feet of head) between June 3 and July .lo. Figure 8' 
shows representative flow conditions during this period. 

e in focceme~t  b a r s  were bent ac ross  the basin and:two la rge  rocks 
were found wedged in the dentates. The d ivers  removed about 10 gal- 
l o n s  of mater ial  up to 8 inches in diameter.  Some scattered debris  
in the a r e a  of the bent up b a r s  could not be removed. 

Erosion w a s  observed to a maximum depth of 1.2 feet a t  a point 25 feet 
downstream from the' center wall and 5-feet from the outside wall. An 

.2  fee tdeep  in a floor s lab thickness of 4 feet. The upper end of the 
ight chute waseroded about 3 inches and reinforcement in a small  
r e a  was exposed. .. 

een removed;  
ne-half inch' a t  



Further operation of the outlet works was suspended and %was 
decided to d e t e r ~ i n e  necessary permanent repairs  to the stilling 
basin, with the aid of a hydraulic model. 

: The damage which occurred a t  Navajo Dam and at other locations 
revealed the need for some basic investigations in the movement of 
abrasive materia1 in hollow-jet valve stilling basins and the dis t r i -  
bution and analysis of hydrodynamic forces occurring on various 
parts  of the s t ruaures ,  particularly the center dividing walls. 

. Studies of a 1: 12 scale model of the Navajo outlet works stilling --=:=- 
basin were unJ7rtaken to determine necessary modifications to the.,//. 
original design &d t o  gain insight into the operation of stilling 
basins of this type. 

TEST FACILITIES AND EQUIPMENT 

The 1:12 model included a short section of circular conduit upstream 
from the hollow -jet valves, the val,::ks, the chute and stilling basin, 
and approximately 150 feet of the~downstream channel, Figure 9. 
Water was supplied to the model by a centrifugal pump; discharges 
were measured with permanently installed Venturi meters. Pressure  
heads on the valveswere measured at  pressure taps located one-valve 
diameter upstream from the valves. The pressure taps were con- 
nected to  open-tube mercury manometers. Instantaneous dynamic 
pressures were measured throughout the structure with pressure 
transducers connected to a Sanborn direct-writing recorder. Veloc- 
it& at  the downstream end of the stilling basin were measured with 

:, a miniature propeller meter and accompanying electronic counter. : 
Tailwater elevations were determined with a hook gage in a stilling 
well and the appropriate tailwater level f r o n  Figure 10 was con- 
trolled by a tilting gate at the downstream end of the model. Dis- 

' :  charges were set according to data from inplace calibration of the 
prototype valves. 

' The original model configuration duplicated the existing prototype 
stilling basin., The downstream channel was formed in sand to allow 
observation of the scour pattern produced by various outlet works 
discharges and tailwater elevations. Modifications to  the original 2 

configuration are  explained in the following section. 
'I 

THE INVESTIGATION 

Tests on the Original Configuration 

i, Tests performed on the original stilling basin configuration were 
. primarily concerned with attempts to duplicate significant prototype 

discharges,. particularly those which were believed to have caused 

7 
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Both valves 8 percent open, Q = 500 cfs, reservoir elevation 5950 
(3 = 230 feet). --The prototype outlet works operated for approxi- 
mately 4 months between 5 and 10 percent valve opening with the 
reservoir near elevation 5950. To represent this condition, the 
model was operated with both valves 8 percentopen, with a dis- 
charge of 500 cfs. Two tailwater elevations were tested. At 
normal tailwater elevation 5713.7, the jets did not penetrate into 
the pool but rose immediately to the surface, reslilting in an un- 
dulating water surface in the stilling basin and very weak wave 
action in the downstream channel. When the tailwater elevation 
w a s  lowered to 5711.0 flow conditions were essentially identical 
to those just described. It was concluded that this operation was 
not capable of damaging the structure. 

Both valves 17 percent open, Q = 960 cfs, reservoir elevation 5945 
( H f e e t ) .  --The prototype outlet works had operated with this 
combination of head and valve opening for about 2 weeks. At tail- 
water elevation 5719.0, the jets only slightly penetrated the pool 
and a high boil prevailed near the point where the jet entered the 
'pool. Disturbance of the basin water surface was less than that 
with an 8 percent valve opening. Lightweight aggregate placed in ' 

the basin moved upstream between the wedges; normal density 
aggregate remained stationary on the basin floor. 

With a normal tailwater elevation of 5714.0, the jets penetrated to 
just below the tops of the converging wedges. A high boil rose 
immediately above the downstream end of the wedges and there 
was slightly more surface disturbance than for tailwater eleva- 
tion 5719.0. Wave action in the downstream channel was minor. 
Movement of aggregate in the basin was a s  described in the pre- 
ceding paragraph. 

At tailwater elevation 5711.0, the jets penetrated approximately 
two-thirds of the pool depth. The high boil formed 10 to 15 feet 
downstream from the downstream end of the wedges. Water sur -  
face roughness was similar to that described above and wave action 
in the downstream channel was again minor. Normal aggregate 
remained stationary on the basin floor. Lightweight aggregate 
mwed upstream between the wedges and was suspended and c i r -  
c&;ated in the turbulence. 



Both valves 32 percent open, Q = 1,840 cfs, reservoir elevation 5965 
= 245 feet). --The prototype outlet works operated under these 

approximate conditions for a period of nearly 2 months. The reser-  
voir dropped from elevation 5966 to elevation 5947 during this time. 
Three tailwater conditions were tested in the model. At tailwater 
elevation 5718.5 most of the turbulence was confined to the up- 
stream portion of the basin and aggregate circulated in the turbu- 
lence. Normal density material moved along the chute and light-~ 
weight,>paterial was suspended in the flow. Weak vortices formed 
along '<he downstream face of the wedge next to the plexiglas window 
and i t  was assumed that similar vortices formed on the wedge next 
to the center wall. A high surface boil formed 10 t o  15 feet down- 
stream from the end of the wedges. Some splashing above the out- 
side walls of the basin was noted and moderate wave action occurred 
in tile downstream channel. 

At tailwater elevation 5714.4, Figure 11, most of the turbulence, 
a s  evidenced by the movement of entrained air ,  occurred along the 
center wall. Sand and lightweight aggregate were suspended in the 
flow and normal aggregate circulated on the basin floor. Weak 
vortices were again noted along the downstream face of the outside 
wedge and, in general, the flow along the face was upward. The 
surface boil occurred along the center wall for a length of about 
25 feet, beginning at  the end of the wedges. High splashes or  
plumes, which represented a height of about 15 to 20 feet in the 
prototype, were noted. Infrequent splashing over the outside 
basin walls and moderate wave action in the downstream channel 
were observed. 

At tailwater elevation 57 11.0, the model end sib controlled the 
depth of water in-the stilling basin. The turbulence occurred 
along the center- wall to within about 20 feet of the downstream 
end of the wall. Material circulated on the floor and sand and 
lightweight aggregate were suspended in the flow. Weak vortices 
formed on the downstream face of the outside wedge and there 
was frequent downward flow along the upper portion of the face. 
The surface boil formed along the center wall and 15- to  20-foot- 
high plumes were again noted. There was very infrequent splash- 
ing:over the outside walls and moderate wave action occurred in 
the downstream channel. 

The tests  described above gave sufficient indication of possibIe 
damaging conditions to  warrant a more carefully controlled test 
of the circulat4on of abrasive material and resultant damage. 



1,840 cfs, both valves 32 p&ent"pen, reservoir elevzion 5965, 
tailwater elevation 5714.4. Sand, apparently drawn into the 
basin from the downstream channel, was observed circulating 
on the top surface of the wedges. During the test  the movement 
of the gravel in the stilling basin was audible. 

Heavy abrasion damage occurred on the downstream face of the 
right inside wedge and on the right side of the center wall, Fig- 
ure  13. Less damage occurred on the left side of the center wall. 
Heaviest floor damage occurred in the left bay. There was no 
apparent damage to the dentated end sill; however, slight erosion 
occurred on the floor about 15 feet upstream from the end sill. 
A slightly higher jet velocity o r  lower tailwater might have resulted 
in damage farther downstream. Most of the material, including 
a large amount of sand, Figure 12B, was found deposited in the 
left bay and a sandbar was formed around the downstream end of 
the center wall, Figure 13. Small piles of sand were deposited 
immediately upstream of the individual dentils of the dentated end 
sill. 

Damage to  the model stilling basin was very similar to that which 
occurred in the prototype basin, wj.th the exception that the right 
bay was most heavily damaged in the model while the left bay was 
most heavily damaged in the prototype. Also, the larges: amount 
of material deposited in the model basin was in the bay opposite to 
that in which the heaviest damage occurred. The material appar- 
ently circulated in the right bay, then moved to the left bay where 
it circulated for a relatively short period of time before the model 
was shut down. A similar situation probably existed in the 

Deep erosion occurred in the sand channel immediately downstream 
from the stilling basin, Figure 11, which indicated high bottom 
velocities a t  the stilling basin exit. The upward slope of the down- 
stream channel bottom probably also had some effect on the erosion 

nt open, Q = 3, 940 cfs, reservoir elevation 6000 
rototype outlet works operated intermittently 

conditions for about 30 days during June and 
porary repairs  to the stilling basin were made 

tailwater conditions were tested in the model. At tailwater 
position of the toe of the hydraulic jump 

on the chute, with the high point near the bottom of the 

(* 
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the center wall and there was frequent splashing over the out- 
side walls. Plumes a s  high a s  10 to 15 feet were noted. 

Moderate wave action occurred in the downstream channel. 
Gravel placed in the basin circulated on the floor near the down- 
stream end of the center wall. Moderately strong vortices were 
noted along the downstream face of the right outside wedge. 

At tailwater elevation 5715.3, the top of the center wall was exposed 
to view and the jump profile was relatively steep. Figure 14. The 
jets turned upward from the floor at  a point 30 to 30 feet down- 
stream from the end of the center wall. Surface turbulence and 
foam extended beyond the basin into the downstream channel. 
Material circulated very rapidly on the basin floor between the 
end of the center wall and the dentated end sill. Moderate vortex 
action occurred on the right outside wedge and flow was generally 
downward along the downstream face of the wedge. Moderate to 
strong wave action existed in the downstream channel. 

At tailwater elevation 5712.5, the upper 6 to 8 feet of the center 
wall was exposed and the jump profile was very steep. The jets 
remained on the basin floor beyond the viewing window, probably 
to the dentated end sill. Circulating material was not visible but 
could be heard downstream from the viewing window. Surface tur- 
bulence extended into the downstream channel and strong wave 
action existed. Vortices formed along the downstream face of the 
right outside wedge and flow was downward along the face. 

Enamel paint was reapplied to the stilling basin and material rang- 
ing in size from pea gravel to a maximum size of about one-half inch 
was placed in the basin. Lightweight aggregate of pea gravel size 
was also included. Larger sizes were considered to be nonrepre- 
sentative because of the previous repair and cleaning of the proto- 
type basin and the downstream channel. 

The model was operated for 4 hours at Q = 3, 940 cfs, both valves 
100 percent open, reservoir elevation 6000, tailwater eleva- 
tion 5715.3. The test resulted in minor damage to  the basin floor 
between the end of the center wall and the end sill, Figure 15, 
corresponding to the damaged area in the prototype basin. Dam- 
age to the end sill could not be determined because some of the 
paint had peeled. It appeared that a large portion of the aggregate 
added during operation had been swept from the basin and sand had 
been pulled into the-basin, Figures 14 and 15. Material was depos- 
ited everywhere on the horizontal floor but the largest amount was 
dewosited between the end of the center wall and the end sill, Figure 
15: Sandpiles were noted on the upstream side of the individualhenti1s.- 

11 



For  Q = 1, 840 cfs, the' maximum differential p res su res  occurred 
on the upstream portion of the center  wall. This also corresponded 
to  the location of the maximum turbulence intensity according to  the 
flow appearance. The vibration records  were only qualitative, be- 
cause the center wall was not modeled with respect to rigidity, and 
no attempt was made to  calibrate the accelerometer.  An important 
observation was that the frequency of vibration was essentially equal 
to the freque~vyy of the fluctuation in  differential pressure  at Piezom- 
e t e r s  C17 and C18. 

F o r  Q = 3,940 cfs, the p res su res  were more  evenly distributed along 
the center wall, which was also evidenced by the appearance of the 
turbulence. Slightly higher p res su res  occurred in  the center sec-  
tion of the wall and there was a wider range in the frequency of p r e s -  
s u r e  fluctuations along the wall, a s  compared to those recorded for 
1, 840 cfs. Also, there was not a well-defined agreement between 
the pressure  frequency and the vibration frequency, though both 
were of the same o rde r  of magnitude. 

An analysis by the Technical Engineering Analysis Branch showed 
that, in general, the frequency of pressure  fluctuations matched the 

'natural  frequency of the prototype center wall. The analysis also 
showed that resonance of the wall would resul t  in moments a t  the 
base of the wall severa l  t imes  grea ter  than those used in the design. 



Both valves 51 percent open, Q = 3,200 cfs, reservoir  eleva- 
tion 6101.6 (11 = 382 feet), tailwater elevation 5715 . 0 . -- The model of 
the original configuration was also subjected to flows corresponding 
to  operation at  maximum reservoir  elevation for a period of 4 hours. 
The stilling basin water surface was essentially level, with surges 
rising about 5 feet above the downstream end of the center wall. The 
surface boil was fairly evenly distributed from the end of the center 
wall to  the downstream end of the basin, Figure 17. Wave heights in 
the downstream channel were about 1-112 feet from trough to crest .  
Moderate swirling occurred along the downstream face of the right 
outside wedge. Several pieces of coarse gravel placed in the basin 
were observed to circulate throughout the turbulence. 

Scour in the downstream channel was localized at the end of the still- 
ing basin, Figure 17. Some material was washed down the slopes on 
the outside of the basin walls. Only a few pieces of coarse sand were 
pulled into the horizontal portion of the stilling basin. The deposits 
of fine sand on the sloping apron and near the dentated end sill were 
apparently the result of sloughing of the channel banks during drain- 
age of the model. 

Both valves 100 percent open, Q = 4,720 cfs, reservoir  eleva- 
tion 6101.6 (H 382 f - - eet). tailwater elevation 5715.5. --The model 

l c h  represent the 
maximum operating conditions for the outlet works. The jets r e -  
mained on the floor through the horizontal portion of the basin and 
occasionally turned upward near the downstream end of the viewing 
section. The water surface was essentially level and varied in height 
from near the top of the center wall to  about 5 to 8 feet below the top 
of the wall. An intermittent boil rose near the downstream end of the 
center wall and a constant boil existed in the downstream portion of 
the basin, Figure 18. The downstream boil was fairly well distrib- 
uted across  the basin and varied from 5 to 8 feet in height, with a 
maximum height about 8 feet below the top of the outside walls. Some 
of the boil spilled over the sloping side walls at  the downstream end 
of the basin. 

Although about one-half handful of coarse sand and several  pieces of 
coarse gravel had been placed on the sloping apron in the downstream 
portion of the basin before the test, no material could be seen circu- 
lating near the viewing window. There was moderate swirling along 
the downstream face of the right outside wedge. Waves in the down- 
s t ream channel were about 2 feet high. Scour in the downstream 
channel was again limited to the area  immediately downstream from 
the basin. Figure 18, and there was some down-slope washing of the 
channel slopes outside the basin walls. The coarse sand which was 
originally placed on the sloping apron was deposited in the horizontal 



portion of the basin. The coarse  gravel was found immediately 
upstream and immediately downstream from the dentated end sill 
and one piece was lodged between a dentil and the right wall. 

Right valve only 100 percent ope&&: Q = 2, 790 cfs, r e se rvo i r  eleva- 
tion 6101.6 (H = 382 feet), tailwater elevation 5714.8. --Limited . 

observations were made for one-valve operation, Figure 19, which 
would be allowed only under emergency conditions when one valve 
was inoperative. P r e s s u r e s  on the center wall were not recorded, 
but there was no doubt that the combination of low tailwater and 
turbulence on one side of the wall and high static tailwater on the 
other side of the wall would cause severe  lohding conditions. Also, 
circulation in  the downstream end of the basin would pull large 
amounts of sand and gravel from the downstream channel into the 
nonoperating side of the basin. 

I t  
penetration. --During the model investigation, i t  became necessary 
to operate the prototype outlet works to control the rising reservoi r .  
It was desirable to operate the outlet works at the highest discharge 
which would not cause additional damage to the s t i l l i lg  basin. The 
reservoi r  was a t  approximately elevation 6000 at this time. A s e r i e s  
of model tes ts  were made to  determine the optimum discharge for 
prototype operation. 

A total discharge of 1,200 cfs, tailwater elevation 5714.1, resulted 
in jet penetration nearly to the bottom of the wedge s lots  in the model, 
Figure 20A, but no vortices formed along,the wedge faces. Light- 
weight aggregate circulated slowly in the upstream portion of the 
basin, moving downstream on the surface and upstream near the 
bottom. Some pieces of aggregate were observed on the upper s u r -  
faces of the wedges. Spray overtopped the basin side walls, but flow 
into the downstream channel was calm. With a total discharge of 
1, 000.cfs. tailwater elevation 5714.0. Figure 20B. jet penetration 
was greatly reduced with only occasional pockets of turbulence mov- 

11 ing through the wedge slots.  Mher  conditions were essentially the 
same a s  with the 1, 200-cfs discharge. Raising the tailwater eleva- 
tion to  5716.0 further reduced the jet penetration, Figure 20C. Op- 
eration at reservoir  elevation 5960 was very similar,  Figure 20D. 
The 1,000-cfs discharge was considered acceptable for prototype 
operation, which is shown in Figure 20E. Inspection of the proto- 
type stilling basin subsequent to this operation revealed no additional 
damage. 

Summary of Results of Tests  on the Original Configuration 

Tests  on the original stilling basin configuraticil indicated, that abrasion 
damage to the stilling basin occurred during the discharge 



of 1, 840 cfs, 32 percent valve opening, reservoir elevation 5965. 
The model also showed that operation at 3 ,  940 cfs, 100 percent valve 
opening, reservoir elevation 6000 caused additional abrasion damage 
and could have resulted in structural damage to the center dividing 
wall. The tests  left no doubt that the model gave an adequate repre- 
sentation of the prototype performance and could be used to develop 
app-opriate modifications. 

15 

First Modification, Wedges Removed, Center Wall Retained 

Tests on the original configuration revealed that the most severe dam- 
age occurred to the prototype stilling basin during operation at a dis- 
charge of approximately 1,840 cfs, 32 percent valve opening, reser-  
voir elevation 5965. The severe turbulence at the downstream end of 
the converging wedges caused violent circulation of abrasive material 
in the upstream portion of the basin and damage to the concrete sur-  
fac4s. Therefore, the converging wedges were removed from the 
moklel and the center wall was extended upstream to the chute floor. 

The model was operated at Q = 1,840 cfs, Figure 21A, and, in general, 
flow conditions were not a s  good a s  those observed with the wedges in 
place. Jet penetration was inadequate a s  evidenced by the very rough 
water surface in the basin and strong wave action in the downstream 
channel. Abrasive material added to the basin circulated slowly on 
the chute floor beneath the jets. Pressure fluctuations on the center 
wall were recorded with the tailwater at  elevation 5 7 1 4 . 4 .  The mag- 
nitude, frequency, and pattern of the pressure fluctuations, Table 2, 
were very similar to those observed for the original configuration. 
The vibration frequency was also similar, although a good compari- 
son could not be made because of the reduced stiffness of the wall 
when the wedges were removed. 

With the valves 100 percent open, Q = 3,940 cfs, reservoir eleva- 
tion 6000, Figure 2 lB, the jets turned upward from the basin floor 
approximately 25 to 30 feet upstream from the corresponding point 
observed with the original configuration. A high boil formed near 
the downstream end of the center wall and at  times overtopped the 
side walls (elevation 5728).  Abrasive material circulated violently 
in the turbulence and on the chute floor beneath the jets. Wave action 
in the downstream channel was moderate. The resulting scour pat- 
tern  on the channel bottom indicated a high downstream bottom veloc- 
ity similar to that observed in the original configuration for 32 percent 
valve opening. It was also noted that the abrasive material circulated 
higher in the flow than it had with the wedges in place. Pressure 
fluctuations and vibrations on the center wall for tailwater eleva- 
tion 5715.3 ,  Table 2, were again very similar to those recorded with 
the wedges in place. 



Operation with the second modification w a s  very similar to  that with 
the center wall, except that the major turbulence due to  jet expansion 
occurred along the outside walls.. At 32 percent valve opening, Fig- 
ure 22A, there were also noticeable surface boils along each outside 
wall.,,'-At Q = 3, 940 cfs, Figure 22B, flow conditions were very simi- 

. 
lar  to  those in the original configuration. The discharge was in- 
creased to its maximum value to determine the acceptability of 
operation without the center wall. Fo r  Q = 4,720 cfs, 100 percent I 

valve opening, reservoir elevation 6101.6, tailwater elevation 5715.5, 
Figure 22C. basin flow conditions were acceptable; however, the 
surface boil moved farther into the downstream channel. Only ,., 
moderate transverse (perpendicular to the mean flow) surging was 
noted, and most of this occurred near the downstream end of the 
basin. With the tailwater at  elevation 5722.0, Figure 22D, basin 

"flow conditions were much rougher; high longitudinal surges over- 
topped the side walls and carried into the downstre:xm channel and 
transverse surging was more noticeable. ,.I 

i 1~ 

Wlth 2, 790 cfs discharging through the left valve 100 percent opes 
(right valve closed), reservoir elevation 6101.6, tailwater eleva- 
tion 5714.8, Figure 22E, moderate transverse surging was observed. 
A surface boil formed along the left wall and spread to  the right. 
Large amounts of riverbed material were drawn into the stilling 
basin. At tailwater elevation 5721.5, Figure 22F, basin flow con- 
ditions were very rough, particularly at the exit to  the downstream 
channel. High surges frequently overtopped the outside walls. 

Pressure fluctuations were recorded on the left outside wall, Table 3. 
(Piezometer locations are  shown in Figure 23.) The aressure distri- 
bution was generally similar to that recorded in earl ier  tests  on the 
center wall, except for the presence of subatmospheric pressures. 
The subatmospheric pressures were probably due to the water sur-  
face surges which caused momentary high velocities along the wall 
and should not cause concern with regard to cavitation. However, 
the magnitude of the fluctuations must be considered in designing 
the walls. The fluctuations were greatly increased during one-valve 
operation, which emphasizes the need for avoiding this type of opera- 
tion. The subatmospheric pressures were minimum values; average 
values were at all times above atmospheric. 

Third Modification, Wedges and Center Wall Removed, 3:l Chute 

, The original slope without the wedges and center wall was not tested 
because the f irst  modification indicated that an area of intense tur- 
bulence would continue to exist near the chute. The relatively flat 
chute of the third modification caused the jets to remain on the floor 



throughout the horizontal portion of the stilling basin. At the max- 
imum discharge of 4, 720 cfs, Figure 24A, a large surface boil 
formed a t  the downstream end of the stilling basin. Flow conditions 
inside the stilling basin were quite good. One-valve operation at 
2, 790 cfs, Flgure 24B, resulted in very rough surface flow condi- 
tions at  the downstream end of the basin; however, flow conditions 
within the basin were tolerable. Circulation of coarse sand which 
originated in the downstream channel was apparent. Operation 
at  Q = 1,840 cfs, Figure 25A, was acceptable. However, at  
Q = 3, 940 cfs, Figure 25B, the surface boil extended into the down- 
stream channel. 

Pressures  on the left outside wall were measured for several rep- 
resentative discharges, gate openings, and reservoir elevations, 
Table 4. A widm fluctuation of pressures was measured with this 
modificztion than with the second modification because the walls 
were more directly exposed to the turbulence of the hydraulic jump. 

A solid sill was installed midway between the bottom of the chute 
and the dentated end sill, in an attempt to turn the jet upward from 
the floor and reduce the surface turbulence at  the downstream end 
of the basin. This sill, however, intercepted too much of the bottom 
flow and caused a high.boi1 immediately above the sill which frequently 
overtopped the side walls. The sill was replaced by a ser ies  of 
baffle piers at  the same location. Operation with the piers was sat- 
isfactory; however, exposure of the piers'io high flow velocities and 
possible cavitation damage in this area  of the basin floor wodd 
probably- preclude their inclusion in.the prototype. ..- ... - - ->.=: .. . 
Fourth Modification, 3:l Chute with Center Wall 

Operation with the center wall included showed some improvement 
over operation with the center wall removed. Fo r  Q = 1,840 cfs, 
Figure 26A, flow conditions in the upstream portion of the basin 
were somewhat more stable. At Q = 3,940 cfs, Figure 26B, the 
boil at  the downstream end of the basin was less  pronounced. At 
the maximum discharge of 4,720 cfs, the hydraulic jump appeared 
to be more stable, the velocity along the basin floor was less,  and 
the surface boil at the downstream end of the basin was smaller.  
However, intermittent longitudinal surging occurred and sometimes 
resulted in a low water surface on one side of the center wall with a 
high water surface on the other side. 

Subatmospheric minimum pressures occurred along the center wall, 
Table 5, with wide fluctuations between maximum and minimum 
pressures; the wide fluctuations were probably due to the direct 
exposure of the center wall tothe turbulence of the hydraulic jump. 
The center wall was less  rigidly supported than when the wedges 



were in place and displayed resonant vibration. However, the stiff- 
ness of the model wall did not s$mulate the prototype wall and there- 
fore would not necessarily be expected to  represent the behavior of 
the prototype wall. 

Fifth Modification, 2-1 12: 1 Chute with Extended Center Wall 

A 2-112: 1 chute was installed and the center wall extended through 
the horizontal portion of the basin to  the dentated end sill. Both 
valves were operated at openings of 25, 50, 75, and 100 percent 
under the maximum reservoir elevation 6101. 5, Operation at  
100 percent valve opening with a high tailwater was very rough; 
much smoother flow conditions prevailed at the low tailvfater, 
Figure 27. At any tailwater elevation, the surface boil extended 
beyond the downstream end of the basin for valve openings of 75 and 
100 percent. The slope of the chute appeared to  be satisfactory for 
low tailwater operation and somewhat too steep for high tailwater 
operation. Rocks placed in the basin circulated violently wherever 
the turbulence was most intense. The discharge, valve opening, and 
tailwater denth determined the area of the basin in which the most 
intense turbhence occurred. 

With a reservoir elevation of 6000.0, Figure 28, operation was much 
improved and could be considered satisfactory. 

Chute blocks were installed at the bottorG-of the 2-1/2:1 chute, but 
no improvement in basin flow conditions was noted. The center wall 
extension was removed with the result that flow conditions in the 
downstream end of the basin appeared somewhat smoother while 
conditions in the upstream portion of the basin seemed rougher. 

Summary of Previous Tests 

The studies showed that confined zones of intense turbulence imme- 
diately downstream from the converging wedges could be eliminated 
by removal of the wedges. Also, turbulence could be more evenly 
distributed in thebasin by installation of a 2 -1 /2:1 chute to induce 
lateral spreading of the annular jet and to maintain a relatively high 
velocity along the floor of the stilling, basin. The maintenance of a 
high'bottom velocity ivould ensure a self-cleaning" basin so that 
abrasive material would not circulate. Several problems remained. 

rst, at  discharges near the maximum, the high:bottorn velocities 
sulted in surface turbulence at the downstream'knd of the basin. 

ottom scour patterns indicated that this operat.<on would result in 
hannel material being pulleq toward-the stilling basin or  into the 
asin to circulate du Therefore, the 

not eliminated. 



:; 

Sixth Modification, 2-1 /2:1 Chute without Center Wall and with Mis -  

the longer wall. At the 



Seventh Modification, 2-112: 1 Chute without Center Wall, Valves 
Additional 3" 

The valves were tipped an additional 3" downward to determine the 
effect of increased impingement on the chute. Operation, Figure 30, 

' was similar to that with a 3:l chute; jet penetration and bottom veloc- 
ity increased and a high boil formed at the.downstream end o f  the. 
channel. The jets moved.from one side of the basin to the other, a s  
demonstrated in the two right side views in Figure 30. 

ing basin, the scour pattern in the downstream channel indicated a 
relatively uniform velocity at  the downstream end of the basin, Fig- 
ure 30. However, under these conditions the bagin was not "self- 
cleaning. '' With higher bottom velocities material was swept Trom 

'"the basin but the surface turbulence at  the end of the basin resulted 
in material being pulled toward the basin o r  into the downstream por- 
t ion of the basin, thus making this material available for circulation 
during lower discharges. There appeared to be no solution to this 
anomaly. It was decided to (1) retain the valves in their original 
position, (2) limit the outlet works maximum discharge to 3,200 cfs, 
as  decided earlier,  (3) remove the center wall, (4) eliminate the : 
converging wedges and install a steel-lineri:2-1/2:l chute, (5) add 
a I -foot thickness of new concrete to the basin floor and walls for 
repair and additional strength. and (6) reshape and pave the down- 

y by circulation of rocks and sand in the basin, and recording of pres-  
sures  on the left wal1,of the stilling basin. The performance of the 
.tecommended design was evaluated primarily with test discharges 
of 3, 200, 2, 500, 2, 000, and 1, 500 cfs at reservoir elevation 6085 

' and-normal tailwater. Elevation6085 is the highest reservoir pos- 
; sible without operation of the spillway. Observations were also made 

Recommended Design, \I'edges and Center W a l l  Removed, Concrete 
Added to Basin Floor and Walls, Improved Downstream Channel 

Several tests  were performed on the recommended design to verify 
i t s  acceptability. The tests included observation of@ow conditions 
in the basin and in the downstream channel, recording of pressures 
on the channel paving near the end of the basin, development of a. 

a rock t rap near the end of the basin, movement of rocks and sand in 
the basin and downstream channel, observation of abrasion caused 



severe conditions. 

g 1 .  
-- 

At-the maximum allowable discharge of 3,200 cfs ,  reservoir ele- 
vation 6085, tailwater elevation 5715.0, Figure 33, flow condG 
tions in the  stilling basin were somewhat rougher then,before the 
downstream paving was installed; however, they were still accept- 
able. Turbulence at the downstream end of the basin was confined 
to the surface most of the time. Occasional downstreamsurges 
were noted along the bottom at the downstream end of the basin. 

Although not an expected operating condition, the maximum dis- 
charge capacity of 4,720 cfs was observed with the maximum 
reservoir elevation of 6101.6 and tailwater elevations 5715.5 
and 5722.0, Figure 34. At the lower tailwater, turbulence was 
distributed throughout the basin and surface turbulence extended 
well into the downstream channel. At the higher tailwater ele- 
vation, conditions in the stilling basin were more unstable and 
strong longitudinal surges carried downstream. A pronounced 
surface boil occurred above the downstream end of the basin. .  
However, wave action in the downstream channel was weaker 
than with the lower tailwater. 

At a discharge of 2, 500 cfs, reservoir elevation 6085, tailwater 
elevation 5714.6, Figure 35A, the jet velocity along the chute was 
less  and the jets turned upward shortly after entering the horizon- 
tal  pgrtion of the basin. The surface velocity was relatively high 
at  the downstream end of the basin and moderate waves occurred 
in the downstream channel. 

before reach- 
curred above 



Figure 37, resulted in  expected very rough flow conditions and 
strong upstream flow along the right side of;the basin. Surface 
turbulence extended into the downstream channel and caused 
strong wave action. Unsymmetrical operation of the outlets 
should be avoided. 

Development of a rock t r ap  a t  the downstream end of the sti l l-  

allowed some rocks and sand to move into the stilling basin, 
Figure 38A.  The material  was placed on the paving=before oper- 
ation of the model. The depth of the t r ap  was increased to 3 feet 
a t  the end sill,  Figure 38B.  The floor of the t rap  sloped upward 
to intersect the paving 20 feet downstream from the end sill. No 
material  moved into the basin during operation, Figure 38C; 
therefore, the l a rge r  t rap  was recommended for the final design. 

P r e s s u r e s  on the floor of the paving. - -Pressure fluctuations on 
the vicinity of the rock t r ap  
on the stilling basin centerline to  determine the possible occur- 
rence of damaging dynamic forces. P r e s s u r e s  recorded with 
electronic t ransducers  showed a maximum fluctuatioll of 2.5 feet 
of water a t  a point approximately 20 feet downstream from the 
stilling basin for a discharge of 3, 200 cfs, tailwater eleva- 
tion 5715.0. For  Q = 4,720 cfs, tailwater elevation 5715. 5, the 
maximum pressure  fluctuation a t  the'same point was 3.5 feet. 
At tailwater elevation, 5722.0, the maximum fluctuation was 

1 2.5 feet. P r e s s u r e s  'and piezometer locations a r e  shown in 

\! Figure 39.  The pressure  fluctuations were too small  to cause 
s t ructural  damage to the pax:ing. 

Velocity distribution a t  the downstream end of the stilling basin. -- 
Velocities a t  the downstream end of the stilling basin (Station 24+00 

veral l  downstream movement. 



discharges, velocities were more evenly distributed over the 
cross section, bottom velocities were higher, and bed material 
moved downstream. Velocities were not measured at the down- 
stream end of the paved area. However, the length of the paving 

Material movement and abrasion tests. --Sand and gravel placed 
on the downstream paving moved toward the rock trap during 
operation of the outlet works. The extent of movement depended 
upon the magnitude of the discharge and the length of time of 
operation. Sand moved to the trap first.  Sand and gravel in the 
trap exhibited a tendency to move away from the center of the 
t rap towards the downstream corners of the stillingbasin. The 
model indicated that no material would enter the stilling basin 
unless the rock trap became full. 

Material was placed in the stilling basin to compare its movement 
and abrasion with those of the original design. The surfaces of 
the basin were again painted with enamel which dried to a hard 
finish. The model was operated for approximately 4 hours (about 
14 hours prototype time) at a discharge of 3,200 cfs, reservoir 
elevation 6085, tailwater elevation 5715.0. One handful of pea 
gravel and onehandful of angular gravel were placed in the basin 
prior to operation. During operation, the material could be heard 
striking the walls of the basin. After the test, most of the mate- 
r ia l  was found in the rock trap at the downstream end of the basin, 
but several pieces of the angular gravel remained in the basin. 
Abrasion was evidenced throughout the horizontal floor of the 
basin, on the basin walls to a maximum height of about 25 feet, 
and on the lower portion of the chute. There were no concentrated 
areas of extensive abrasion. After 5-112 hours operation (about 
19 hours prototype) at Q = 2, 500 cfs, reservoir elevation 6085, 
tailwater elevation 5714.6, abrasion was limited primarily to 
the upstream portion of the basin, Figure 41. All material re -  
mained in the basin, and a large portion of it was found on the 
chute. Heaviest abrasion occurred at the intersection of the 
chute and floor and lighter abrasion occurred approximately 
60 feet up the chute and 60 feet along the basin floor and walls. 

imilar abrasion occurred after a 4-hour test at  Q = 2,000 cfs, 
eservoir elevation 6085, tailwater elevation 5714.4. Heaviest 
amage again occurred at  the intersection of the chute and basin 

the bottom of the 



, Data were recorded for discharges of 4, 720, 3,200, 2,500, 2,000, 
and 1,500 cfs with several reservoir heads and tailwater elevations. 
F o r  the maximum discharge of 4, 720 cfs, tailwater elevation 5715.5, 
the maximum pressure and maximum fluctuation in pressure oc- 
curred about 25 feet (prototype) downstream from the intersection 
of the chfite and the horizontal floor. Fo r  al l  other discharges and 
tailwaters, the maximum pressures and fluctuations occurred up- 
stream from the bottom of the chute. 

Comparisons between these pressures and those measured with 
a 3:l sloping chute (third modification, Table 4) can be made 
only for the maximum discharge capacity of 4,720 cfs. The dis- 
tributions of pressures are  generally similar.  Variations are 
noted in the values of the maximum and minimum peaks but no 
specific trends can be observed. 

Pressures  on the c w .  --Figures 43 and 44 illustrate the magni- 
tude of messures  on the recommended chute for discharges of 
3,200 and 4,720 cfs. The measurements showed a wide fluctua- 
tion in the pressures due to impact of the hollow jets. The magni- 
tude and frequency of fluctuations indicate the need for careful 
attachment of the protective steel lining.   he slight subatmos- 
pheric minimums at  Piezometer 3 are not unusual but are  only 
momentary peaks which cannot cause cavitation damage. 

APPENDIX 

Review of Damage to Other Stilling Basins 

Problems similar to those experienced at Navajo Dam have occurred 
at  other projects in the recent past. J, 

R. H. Berryhills( described damage which occurred to the outlet 
works stilling basm for Terarkana Dam, Texas, in 1957. The 
outlet works consists of two 20-foot-diameter conduits which dis- 
chacge into a hydraulic jump stilling basin. The basin includes 
twoLrows of baffles and an end sill. The flow is separated by a 
thin, 35-foot-high concrete center wall. The maximum flow passed 
by the outlet works was 24,000 cfs, to May 1963 (the time of writing 
of Berryhill's paper). Sometime during 1957, the downstream 
24 feet of the center wall failed at  the base of the wall and fell to 
one side. %he failure of the wall was apparently caused by inade - 
quate bond at  the construction joint near the base of the wall and by 



the fatigue failure of the vertical reinforcing bars. The basin also 
exhibited erosion, particularly at the baffle blocks, which was appar- 
ently caused by circulation of boulders found afterwards in the basin. 
Operating personnel felt that the boulders had been pushed over the 
walls of the basin by fishermen and sightseers. 

Berryhill also described damage to the outlet .works basin for 
Belton Dam, Texas. This basin is  also the hydraulic-jump type, 
with two rows of baffles and a solid end sill. The maximum-dis- 
charge to May 1963 was 12,800 cfs. In the fall of 1960, the basin 
was unwatered and some of the baffle blocks were found to be eroded 
sufficiently to expose the reinforcing steel. Substantial erosion 
was noted throughout the basin floor. About 295 cubic yards of sand, 
gravel, and large rocks were found in the basin and the riprap in 
the exit channel had been displaced. The abrasion damage was 
attributed to the circulation of the large rocks. Many of the rocks 
were believed to have been thrown into the basin'by visitors. The 
possibility that some of the material might have originated in the 
exit channel was also raised. The basin was cleaned and repaired, 
the displaced riprap was replaced, and a chain link fence was .in- 

In a discussion of Berryhill's paper, W. E. Wagner and M.' A. 
Jabara, 41 described abrasion damage observed in the spillway and 
outlet wzrks basin at Anderson Ranch Dam, Idaho. Examination 
showed a large deposit of rocks and coarse sand in the basin which 
was believed to have come from the excavation slopes along each. 
side of the spillway. The reinforcing steel in the chute blocks was 
exposed and the upstream two-thirds of the basin floor was roughened. 
The damage was repaired with epoxy mortars. 

Wagner and Jabara also described the operation of the outlet works 
stilling basin for Glendo Dam, Wyoming. The basin includes large 
chute blocks and baffle piers, a s  determined from hydraulic model 
studies. In April 1958 the outlet works was operated at 25 percent 
ofithe capacity of 10,000 cfs. An audible-periodic thump was noted 
in the stilling basin and vibrations were felt in the basin and power- 
plant walls. Skindiver inspection of the flow surfaces showed evi- 
dence. of cavitation damage immediately downstream from the gates 
and on the sides of the center chute block in the extreme left bay. 
Operation continuedfor several months, then the basin was un- 
watered and inspected. Severe cavitation damage .was noted on the 
sides of the center chute block in each bay, along the flared walls, 
and in the bottom portion of the stoplog grooves. 

The baffle piers were undamaged and the concrete in the wall between 
the outlet.works basin and thepowerplant tailrace showed no damage 



from the violent vibration. The chute blocks, baffle piers, flared 
walls, and stoplog grooves were modified with the aid of hydraulic 
model studies. The thumping and vibration have continued during 
subsequent prototype operation, but no cavitation damage has 

: occurred. 

In August 1963, the hollow-jet valve stilling basin at Trinity Dam, 
California, was unwatered and inspected. Theoutlet works con- 
sists of two 84-inch hollow-jet valves with a maximum discharge 
capacity of about 8, 600 cfs under a maximum static head of 475 feet. 
The observed damage to the stilling basin gave evidence of abrasion. 
More than 100 cubic yards of gravel, cobbles, and boulders were, 
found in the basin. The material had apparently entered the basin 
from the outlet channel during spillway discharges the previous 
winter. Abrasion damage to the chute and wedge surfaces was 
minor. Appreciable damage occurred on the basin floor and near 
the bottom of the walls. The extent of wall damage decreased with 
increasing distance from the floor and the abrasion damage to the 
floor and walls increased in the downstream direction. The unlined 
outlet channel also exhibited damage. 

The center dividing wall of the basin failed along a horizontal con- 
struction joint about 20 feet above the basin floor. The reinforcing 
steel indicated that the failure was due to fatigue. The remaining 
lower portion of the wall showed well-developed horizontal flexure 
cracks near the bottom of the wall on both sides and a vertical crack 
near the center. Spalling of the concrete at the base of the wall in- 
dicated compressive failure. No cracking was noted in the floor 

The abrasion damage was repaired with epoxy mortar and new rein- 
forced concrete, and the center wall was replaced with a thicker 
wall, which included the remaining portion of th; original wall in 
its center. Some additionalhinor abrasion damage has occurred 
since the repairs were made. 

. , 
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A .  Material placed in basin for abrasion test. 



Figure 13 
Report Hyd-573 

hlalcrial in stilling basin and damage after 4 hours 
operation at Q or I.  840 ch, rescrvoir clevation 5065. 
both valves 32 percent open. tailwater elevation 5111. 4 .  
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Material in stilling basin after I hours oprration 
at C? of 3 ,940  c f s  (Figurc 1 4 ) .  



F I G U R E  16  
R E P O R T  H Y D - 5 7 3  



Figure 17 
Report Hyd-573 

Right-side view of stilling basin. 4 = 
3.200 cfs, both valves 51 perccnt open. 
reservoir elevation 6101.6, tailwatcr 
elevation 5715 .0 .  

Flow conditions in downstream channel, 



Figure 18 
Report Hyd 

! 

Right-side view of stilling basin. Q = 
4. 720 cis. both valves 100 percent open. 
r&ervoi i  elevation 6101.8; tailwater 
elevaticn 5715. 5 .  

I P:l l F . L 7 7 8 3  ' 

Flow conditions in downstream channel. 

lannel after I hours 

T WORKS 
lel 



Right-side view 01 stilling basin. Q = 
2, 700 c i s ,  right valvc aionc 100 percent 
open. reservoir elevation 6101. C ,  tailwatcr 
elovation 5714.8. 

View from near right 

Flow conditions in downsircam rhannel. 



A. Richt-s idc  view of  stilling basin 
n i scharg r  = I .  200 cfs 
Rotll valvcs open 20-112 percent 
Reservoir rlrvation IXlll0 
Tai lwa t r r  clevntion 5714. 1 

B. I l i scharzr  = 1.000 c f s  
Both valves open 17 percent 
17cscrvoir elevation GOO0 
Tailwater elevation 5714. 0 

C. Ilischargc = 1.000 c i s  
Both valves open 17 percent 
Reservoir  elevation 6000 
Tailwatcr elevation 5716.0 

D. Discharge = 1.000 CIS 
Both valves open 18-1 12 percent 
Reservoir  elevation 506C 
Tailwater elevation 5716.0 

E. Prototype outlet works operatinz at 4 = 1, 000 cis. 



View from near  right valve, 
Q = 1. 840 c i s .  

View f rom near  ripht valvc, 
Q = 3 .  940 c is .  

Right-side view of  st i l l ing basin. Q = 1. 840 cfs.  
both valves 32 percent open, r e sc rvo i r  cleva- 
tion 5965, tai lwater e l ~ v a t i o n  571.1. 4 .  

1)" I "A 
I .  -- 

Right-side view of st i l l ing basin. Q = 3, 940 c f s ,  
both valves 100 percent open, r c sc rvo i r  clevn- 
tion 6000, tai lwater elevation 5715.3. liottom 
turbulence i s  next to crntcr rvoll and i s  not 
visible in th is  vicn'. 
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Figure 25 
Report Hyd-573 



A .  Right-side view or stilling basin. 4 = 
1 . 0 4 0  c is .  both valves 32 ncrcent ooen. 
reservoir elevation 5865. 'tai1water'ele.- 
vation 5714.4. 

6. Right-side view of stilling basin. Q = 
3, 040 cfs, both valves 100 percent open, 
reservoir elcvaiion 6003, tailwater ele-  
vation 5715.3. 
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Reporl Hyd-573 



Figure 28 
Report IIyd-5'73 

4 

Righl -side view of still in^ basin. Q = 
3. 440 c f s ,  both valves 1011 percent open. 
reservoir elevation 6000, tailwater d e -  
vation 5 7 1 5 . 3 .  



Rizhl-side. view of still ing hasin. O = 
3 ,  LOO r f s ,  both vnlvt-s 51 pPrrrn1 open. 
reservoir clrvnt ion GlOl. li, tnil!ratsr 
rlevalion 57 15.0. 

Flow r.rorlditions in d o w n s t r e a m  channel 
at Q or 3.200 cfs. 
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Rccommendcd confiqration of downstrcnm channel. 

Right-side view of stllllng basin. Q = 3 .  200 cis, 
hotli v a l v ~ s  52 prrcont opun, rrservoir elrva- 
tion 6085 ,  tailwatcr clcvation 57 1 5 . 0 .  



Hi~ht - s ide  view 01' stillinl: basin. 

Right-side view of stilling basin. 

~ ~-~ 



Right-side view of stiilinx basin. 

Flow conditions in downstream channcl. 4 = 
A 2 , 5 0 0  c i s ,  both valvcs 31) percent open. reser-  

voir elevation 6085. tallwatrr e levat io .~  5714. 6. 

Rifiht-side view o l  stilline basin 

...bdTC Jir 

Report Ilyd -573 



Figure 36 
Ileport Hyd-573 

Right-sidc view 01 s t i l l ' in~  basin. Q = 
1.500  cfs,  bot!i valves 22 pcrccnt oprn, 
reservoir elevation 6085. tailwater clc- 
vation 5714 .3 .  

Flow conditions in downstream channel, 
Q = 1 ,500  cfs. 
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C. Rlatcrial location alter operation at 
Q o f  3. 200 cfs with 36-inch r o c k  trap. 
N o  matrrial was found in the bas in .  

NAVAJO DAhl OUTLET WORKS 
1 :  12 Scale Model 

Rccornrncnrled Des ign  







Chute and stilling basin noor abmsion aitcr 5-112 
hours at Q = 3 ,  ,500 cis ,  wscrvoi!. c1r:vation 6085.  

Floor and wall abrasion 311~1' 5-112 I IOUPS 31 
Q = 2.500 c f s ,  reservoir elwafion 6 0 8 5 .  













which occurred t o  the hollow-jet valve out let  works s t i l l i n g  basin 
e Navajo Dam was duplicated in  a l:12 scale model. Severe abrasion 
e in  the upstream portion of the prototype basin probably occurred 
g several months' operation st approximately 3% valve opening under 
t of head. Abrasion i n  the downstream end ~roboblv  occurred durinn 

rat ion v i th  1- valve opening and about 280 ft of hhod. Model t e s t s  
icated the or iginal  hollou-jet valve basin, with converging wedges and 
enter dividing w a l l ,  could not be improved i n  efficiency of energy die- 

pation and s tab i l i ty .  This design, however, permitted the development of 
ens of intense turbulence, with accompanying circulation of abrasive m s -  
r i a l s .  Also, the center va l l  was auhjected t o  fluctuntiog pressures 

hich could resu l t  in  s t ructural  damage due t o  vibration. m e  baain was 
dif ied by eliminating the center w a l l  and uedges, reducing the allowable 

m discharge, and paving part  of the downstream channel. The paving 
cessary t o  prevent streambed material f rom entering the modified 
ing basin. Tests on,the original configrnstion under various opere- 
conditions, on 7 proposed mcdificstioos, sod on the recamended design 
escribed. An appendix revievs damages reported ill other similar 
ing basins. . 

Damage which occurred t o  the hollow-jet valve ou t le t  works c t i l l i n g  basin 
a t  the Navajo Dam ua'a duplicated in  a 1:12 scale  mcdel. ~ e h e  abrasion 
danage in  the upstream portion of the prototype basin probably occurred 
during several months' operation a t  e p p r a x b t e l y  3% valve a p n i o g  under 
245 f t  of head. Abraeion i n  the dounstream end probably occurred during 
operation v i th  1@ valve opening end about 280 f t  of head. Model t e s t s  
indicated the or iginal  hol lowJet  vslve basin, with converging wedges and 
a center dlviding vsl l ,  could not be improved in  efficiency of energy d i s -  
s i r s t ion  dud s tab i l i ty .  This design, however, permitted the davelopaant of 
a:eas of intense turbulence, v i th  accompaoying circulation of abrasive ma- 
t t r i a l s .  Aleo, the center:tall was subjected t o  fluctunting pressures 
which could resu l t  i n  atructurel  damage due t o  vibration. The basin was 
modified by eliminating the center w a l l  sod wedges, reducing the allousble 
maximm discharge, and paving pert  of the downatream channel. m e  paving 
is necessary t o  prevent streambed material from entering the modified 
s t i l l i n g  basin. Teats on the original configuration under verloua opere- 
t i n g  conditions, on 7 proposed modifications, snd on the recmmended design 
are described. An appendix revievs damages reported i n  other similar 
s t i l l i n g  basins. 

lWSTRACT 

w a g e  which occurred t o  the nollou-jet valve ou t le t  works e t i l l i n g  bssin 
a t  the Navajo Dam nos duplicsted in  n 1:12 scnle model. Severe abrasion 
damage in  the upstream portion of the prototype basin probably occurred 
during several months' operation a t  approximately 3 6  valve opening under 
245 f t  of head. Abrasion in  the downstream end probably occurred during 
operation v i th  1@ valve opening end about 280 f t  of head. Model t e s t s  
indicated the original hollow-jet valve basin, with converging uedges Lnd 
a center dividing wall, could not be improved in  efficiency of energy dis-  
sipation and s tabi l i ty .  This design, however, permitted the development_of '1 
areus of inteaee turbulence, with accompanying circulstion of abres iw ma- 
t e r i a l s .  Also, the center wall was subjected t o  fluctuating pressurea 
which could reaul t  i n  s t ructural  damage due t o  vibration. I h e  basin was 
modified by eliminating the center wall and wedgee, reducing the allowable 
nvuimrrm discharge, and paving part  of the dawnstrewn channel. The paving 
is necessary t o  prevent streambed material from entering the modified 
s t i l l i n g  basin. Tests on the original configuration under various opera- 
t i n g  conditions, on 7 proposed modifications, and on the  recamended deal- 
are described. An appendix reviews damages reported in  other s i m i l a r  
s t i l l i n g  basins. 
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